The level of glycemia ([@B1]--[@B3]), and particularly postprandial glycemia ([@B4]--[@B6]), has been associated with an increased risk for cardiovascular complications and mortality in patients with type 2 diabetes. Therefore, proper management of blood glucose concentrations is an important goal in type 2 diabetes treatment. Despite the application of oral blood glucose--lowering medication and the consumption of a healthy diet, postprandial hyperglycemia and excessive glycemic fluctuations remain predominant features in patients with type 2 diabetes ([@B7],[@B8]). Therefore, additional treatment strategies are warranted to improve daily blood glucose homeostasis in patients with type 2 diabetes.

Along with dietary modulation and proper medication, structured exercise is considered a cornerstone for type 2 diabetes treatment ([@B9],[@B10]). The impact of structured exercise on long-term glycemic control (i.e., HbA~1c~) can be largely ascribed to the cumulative glucoregulatory effects of each successive bout of exercise ([@B11]). In line with this view, we ([@B12]--[@B15]) and others ([@B16]--[@B18]) have demonstrated that a single bout of moderate-intensity to high-intensity exercise substantially improves glycemic control throughout the subsequent 24-h period in patients with type 2 diabetes. Besides regular exercise, an accumulating body of evidence also suggests an independent role for nonexercise physical activities in restoring or maintaining optimal glycemic control. In this regard, epidemiological studies have demonstrated that light physical activity is beneficially associated with postprandial blood glucose concentrations and markers of insulin sensitivity ([@B19],[@B20]). These observations were recently reinforced by evidence from experimental studies, showing that short bouts of slow walking during the postprandial phase effectively reduce the glycemic response to a meal ([@B21]--[@B23]). So far, these experimental studies have been restricted to a single meal and nondiabetic populations. We hypothesized that simply performing activities of daily living (ADL) improves 24-h blood glucose homeostasis in patients with type 2 diabetes. Such a low-demanding physical activity strategy would provide an attractive alternative to the application of a more structured exercise regimen, because engaging in and adhering to structured exercise programs have been proven problematic for many patients with type 2 diabetes ([@B9]). For this reason, it would be relevant to investigate whether a modest increase in ADL could equal the benefits of more intense endurance-type exercise for glycemic control.

In the current study we investigated the impact of repeated short bouts of ADL as opposed to a single session of moderate-intensity endurance-type exercise on daily blood glucose homeostasis in patients with type 2 diabetes. For this purpose, 24-h glycemic profiles of patients were assessed by continuous glucose monitoring under sedentary control conditions, and under conditions in which sedentary time was reduced either by three 15-min bouts of ADL (postmeal strolling; ∼3 METs) or by a single 45-min bout of cycling exercise (∼6 METs).

RESEARCH DESIGN AND METHODS {#s1}
===========================

Subjects {#s2}
--------

A total of 20 male type 2 diabetic patients treated with oral glucose--lowering medication (*n*= 19) or diet only (*n*= 1) participated in the current study. Exclusion criteria were self-reported renal failure and liver disease (hepatitis and cirrhosis), morbid obesity (BMI \>40 kg/m^2^), uncontrolled hypertension (\>160 mmHg systolic or \>100 mmHg diastolic or both), and a history of severe cardiovascular problems (myocardial infarction in the past year or stroke). All subjects were informed about the nature and the risks of the experimental procedures before their written informed consent was obtained. The Medical Ethical Committee of the Maastricht University Medical Centre approved the study.

Screening and pretesting {#s3}
------------------------

All patients underwent an oral glucose tolerance test. Blood glucose--lowering medication was withheld 2 days before the oral glucose tolerance test. After an overnight fast, subjects arrived at the laboratory at 0800 h by car or public transportation. A fasting blood sample was obtained, after which a standard 75-g oral glucose tolerance test was performed to confirm type 2 diabetes according to the American Diabetes Association criteria ([@B24]). After blood sampling, all subjects performed an incremental exercise test on a cycle ergometer (Lode Excalibur) to determine their maximal workload capacity. Cardiac function was monitored at rest and during exercise using a 12-lead electrocardiogram.

Study design {#s4}
------------

Subjects participated in a randomized crossover study consisting of three intervention periods separated by at least 1 week. Each intervention period consisted of 3 days, during which blood glucose homeostasis was assessed under standardized dietary conditions ([Supplementary Fig. 1](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc12-2620/-/DC1)). During one experimental period, subjects were monitored under sedentary control conditions. During the other two experimental periods, subjects reduced their sedentary behavior either by three 15-min bouts of ADL (postmeal strolling; ∼3 METs) or by a single 45-min bout of moderate-intensity cycling exercise (∼6 METs).

Study protocol {#s5}
--------------

On day 1 of each intervention period, participants arrived at the laboratory during the afternoon and received a short period of training in the use of the capillary blood sampling method (Glucocard X Meter; Arkray, Kyoto, Japan). Subsequently, a continuous glucose-monitoring device (GlucoDay S; A. Menarini Diagnostics, Florence, Italy) was attached as described previously ([@B7]) and participants returned home. On day 2, participants arrived at the laboratory by car at 0730 h after an overnight fast. An intravenous catheter was inserted into an antecubital vein for blood sampling purposes, and participants were equipped with a heart rate monitor (Polar RS300). Participants received breakfast, lunch, and dinner at 0830, 1230, and 1700 h, respectively. Blood samples were collected in prechilled EDTA-coated tubes 5 min before each meal, and 90 and 150 min after each meal (total of 9 samples). After the last blood sample at 1930 h subjects went home. On day 3, subjects reported back to the laboratory during the morning for removal of the continuous glucose-monitoring device.

The three intervention periods were identical with the exception of the three 15-min bouts of ADL or the single 45-min bout of endurance-type exercise, which were performed on the second day of the experimental period ([Supplementary Fig. 1](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc12-2620/-/DC1)). During the sedentary control condition, participants were restricted to a sedentary laboratory environment and spent the day seated in a chair or couch while reading, talking, viewing television, or working on a laptop computer. During the ADL condition, sedentary behavior of the patients was interrupted by three 15-min bouts of slow-paced strolling (∼3 MET) performed after each main meal (0915, 1315, and 1745 h). The bouts of strolling were chosen to reflect light ADL, such as walking the dog, household tasks, light gardening work, and so on. During each bout, a distance of 800--1,000 m was covered and two stairs were climbed. The bouts were supervised by a physical therapist. During the exercise condition, participants completed a single 45-min bout of moderate-intensity endurance-type exercise after breakfast (0915 to 1000 h) and were sedentary throughout the remainder of the day. The moderate-intensity exercise bout consisted of continuous cycling performed on a cycle ergometer at 50% of individual maximal workload capacity of the patients, translating to an average absolute workload of 85 ± 4 W (∼6 MET). The MET values for both the ADL and moderate-intensity exercise intervention were estimated based on the Compendium of Physical Activities ([@B25]).

Medication, habitual physical activity, and food intake {#s6}
-------------------------------------------------------

Glucose-lowering medications used by patients are listed in [Table 1](#T1){ref-type="table"}. Except for the screening, intake of all medication was continued throughout the entire study, including the days that subjects visited the laboratory for testing. All subjects were asked to maintain their normal physical activity patterns throughout the study but to refrain from exhaustive physical labor and exercise training for 2 days before each experimental period. On day 1 of each intervention period, subjects were provided with a standardized dinner and evening snack. On day 2 of each intervention period, the actual test day, participants were served a standardized breakfast (0830 h), lunch (1230 h), and dinner (1700 h) in the laboratory, and they consumed a standardized evening snack at home (2030 h). On day 3 of each intervention period, participants remained fasted until 0830 h (end of data collection), after which they resumed their regular diets.

###### 

Participant characteristics

![](3448tbl1)

Breakfast and lunch were identical and both meals consisted of bread, margarine, salami slices, cheese, jam, and semi-skim (1.5% fat) milk. Dinner comprised macaroni with Bolognese sauce and fruit yogurt as dessert. The evening snack included an apple and whole grain cookies. The quantity of the diet (energy content) was based on individual daily energy requirements of the patients as calculated with the Harris and Benedict equation multiplied by a physical activity level value of 1.4. The resulting diet provided 9.8 ± 0.1 MJ/day, consisting of 50% of energy from carbohydrate, 15% from protein, and 35% from fat.

Blood sample analysis {#s7}
---------------------

Venous blood samples were collected in prechilled EDTA-coated tubes and centrifuged at 1,000*g* and 4°C for 10 min. Aliquots of plasma were immediately frozen in liquid nitrogen and stored at −80°C until analyses. Plasma insulin concentrations were determined by a radioimmunoassay for human insulin (HI-14K; Millipore, MA). Whole blood HbA~1c~ content was determined in 3 mL venous blood samples by high-performance liquid chromatography (Bio-Rad Diamat, Munich, Germany).

Statistics and data analysis {#s8}
----------------------------

The data obtained by the continuous glucose monitor were downloaded to a personal computer with GlucoDay software (version 3.2.2). Values reported by the continuous glucose-monitoring device were converted into glucose values using the self-monitored capillary blood glucose values, which were obtained at least before each main meal and before night time. The 24-h glycemic control was derived from the glycemic profiles obtained between 8:30 and 8:30 h on days 2 and 3 of each experimental period and was defined as the average 24-h blood glucose concentration and the prevalence of hyperglycemia over the course of 24 h. Based on the American Diabetes Association/European Association for the Study of Diabetes guidelines for glycemic control ([@B26],[@B27]), the prevalence of hyperglycemia was defined as total time during which glucose concentrations exceeded 10 mmol/L. The continuously monitored glycemic profiles obtained on day 2 of each experimental period also were used to assess postprandial glycemic control. Postprandial glycemic control was defined as the incremental area under the curve (iAUC) above fasting glucose assessed over the 3.5-h postprandial periods after each main meal (3.5-h glucose iAUC), and as the cumulative glucose iAUC of all main meals (10.5-h glucose iAUC). Plasma insulin concentrations obtained on day 2 of each experimental period (from 0830 to 1930 h) were used to calculate the iAUC above fasting plasma insulin by the trapezoidal rule (11-h insulin iAUC).

Differences between nontime-dependent variables (prevalence of hyperglycemia, 24-h glucose concentration, iAUC) were assessed by one-way repeated-measures ANOVA, with treatment as the within-subject factor. In case of a significant main effect, pairwise comparisons with Bonferroni correction were applied to locate differences between treatments. A two-way repeated-measures ANOVA with time and treatment as within-subject factors was used to compare differences between treatments over time (plasma insulin concentrations). In case of interaction between significant time and treatment, pairwise comparisons with Bonferroni correction were applied for separate time points to locate differences between treatments.

Statistical comparisons were considered significant at *P* \< 0.05. All statistical calculations were performed using the SPSS 15.0.1.1 software package. Unless otherwise indicated, data are reported as means ± SEM.

RESULTS {#s9}
=======

Heart rate {#s10}
----------

Average heart rates of subjects that were measured between 0830 and 1930 h were 72 ± 2 bpm during the sedentary control condition and 78 ± 2 and 82 ± 2 bpm during the ADL (*P* \< 0.001) and exercise conditions (*P* \< 0.001), respectively. As expected, 45 min of moderate-intensity exercise (125 ± 4 bpm) was more intense than the 45 min of ADL (100 ± 2 bpm; *P* \< 0.001).

24-h glycemic control {#s11}
---------------------

The 24-h glycemic profiles are presented in [Fig. 1](#F1){ref-type="fig"}. During the sedentary control condition, hyperglycemia (blood glucose \>10 mmol/L) was prevalent for 6 h 51 min (±1 h 4 min) throughout the day. A single bout of moderate-intensity exercise significantly reduced the daily prevalence of hyperglycemia to 4 h 47 min ± 1:02 (−34 ± 7%; *P* \< 0.001; [Fig. 2*A*](#F2){ref-type="fig"}). Although blood glucose concentrations were clearly attenuated after the onset of the 15-min bouts of ADL ([Fig. 1](#F1){ref-type="fig"}), the prevalence of hyperglycemia over the course of 24 h was not significantly reduced (6 h 2 min ± 1 h 16 min; *P* = 0.67). Comparable findings were observed with respect to average 24-h blood glucose concentrations ([Fig. 2*B*](#F2){ref-type="fig"}). A single session of moderate-intensity exercise significantly reduced average blood glucose concentrations by 0.6 ± 0.1 mmol/L (*P* \< 0.001) relative to the sedentary control condition, whereas average 24-h blood glucose concentrations were basically unchanged during the ADL condition (−0.2 ± 0.1 mmol/L; *P* = 0.92).

![The 24-h glycemic profiles in type 2 diabetic patients under sedentary conditions and under conditions in which prolonged sedentary time was reduced by three 15-min bouts of activities of daily living (ADL; gray squares) or by a single 45-min bout of moderate-intensity endurance-type exercise (checkered square). The dotted lines indicate the ingestion of the main meals (0830, 1230, and 1700 h) or snack (2030 h). The error bars are not shown for clarity.](3448fig1){#F1}

![The impact of the three experimental conditions on the prevalence of hyperglycemia over the course of 24 h (*A*), average 24-h blood glucose concentrations (*B*), and the cumulative postprandial glucose iAUC (*C*). Data represent mean ± SEM. \*Significantly lower compared with the sedentary condition (*P* \< 0.05). †Significantly lower compared with ADL condition (*P* \< 0.05).](3448fig2){#F2}

Postprandial glycemic control {#s12}
-----------------------------

Moderate-intensity exercise strongly reduced the glycemic response to breakfast and, to a lesser extent, the glycemic response to lunch and dinner (*P* \< 0.05 for all postprandial periods; [Supplementary Table 1](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc12-2620/-/DC1)). The decrements in postprandial glucose concentrations observed in the ADL condition did not reach statistical significance for any of the postprandial periods (*P* \> 0.05; [Supplementary Table 1](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc12-2620/-/DC1)). More important, however, the cumulative glucose response to breakfast, lunch, and dinner (10.5-h iAUC; [Fig. 2*C*](#F2){ref-type="fig"}) was significantly lower during both the ADL (365 ± 51 mmol/L/10.5 h; *P* \< 0.05) and moderate-intensity exercise condition (285 ± 38 mmol/L/10.5 h; *P* \< 0.001) compared with the sedentary control condition (448 ± 54 mmol/L/10.5 h). The 35 ± 5% reduction in the cumulative glucose iAUC during the moderate-intensity exercise condition was greater than the 17 ± 6% reduction observed in the ADL condition, although this observation did not reach statistical significance (*P* = 0.06).

Plasma insulin concentrations {#s13}
-----------------------------

Plasma insulin profiles are shown in [Fig. 3*A*](#F3){ref-type="fig"}. The postprandial increments in plasma insulin concentrations were significantly attenuated when ADL were performed in the early postprandial phase. A single bout of moderate-intensity exercise soon after breakfast blunted the subsequent increase in plasma insulin concentrations. The impact of moderate-intensity exercise on plasma insulin concentrations persisted for up to several hours after exercise. The resulting plasma insulin response to the standardized diet (11-h positive iAUC) was 17 ± 5% lower during the ADL condition (214 ± 24 nmol/L/11 h; *P* \< 0.05) and 33 ± 4% lower during the exercise condition (170 ± 18 nmol/L/11 h; *P* \< 0.001) relative to the sedentary control condition (250 ± 23 nmol/L/11 h). The insulin iAUC during the exercise condition also was lower compared with the ADL condition (*P* \< 0.001).

![The impact of the three experimental conditions on insulin concentrations over time (*A*) and the postprandial insulin iAUC (*B*). Data represent mean ± SEM. ^a^Difference between sedentary and ADL conditions (*P* \< 0.05). ^b^Difference between sedentary and exercise conditions (*P* \< 0.05). ^c^Difference between ADL and exercise conditions. \*Significantly lower compared with sedentary condition (*P* \< 0.05). †Significantly lower compared with ADL (*P* \< 0.001).](3448fig3){#F3}

CONCLUSIONS {#s14}
===========

The current study demonstrated that hyperglycemia is highly prevalent throughout the day in patients with type 2 diabetes. A single 45-min bout of endurance-type exercise strongly reduced the prevalence of hyperglycemia over the course of 24 h. An increase in ADL (three 15-min bouts of postmeal strolling) improved postprandial blood glucose homeostasis but did not significantly reduce the prevalence of hyperglycemia over 24 h.

Elevated blood glucose concentrations, which are most evident in the postprandial state, increase the risk for diabetes complications and mortality ([@B1]--[@B6]). In the current study, type 2 diabetic patients exceeded the recommended upper limit for postprandial glucose concentrations of 10 mmol/L during nearly 7 h per day ([Fig. 2*A*](#F2){ref-type="fig"}). Strikingly, these hyperglycemic episodes occurred despite the fact that most patients were using oral blood glucose--lowering medication and were relatively well controlled according to the HbA~1c~ level (6.9 ± 0.1% \[52 ± 1 mmol/mol\]; [Table 1](#T1){ref-type="table"}). These findings are in agreement with previous observations of the prevalence of hyperglycemia ([@B8],[@B28]) and emphasize the need for additional treatment strategies in type 2 diabetes.

Although the acute impact of moderate-intensity to high-intensity exercise on 24-h blood glucose homeostasis has been well established ([@B12]--[@B18]), recent data also suggest an important role for light physical activity in maintaining or restoring proper glycemic control ([@B21]--[@B23]). Thus far, experimental studies investigating the impact of such light physical activity strategies on glycemic control in type 2 diabetic patients are lacking. The current study shows that the introduction of repeated bouts of ADL during sedentary behavior represents an effective interventional strategy to attenuate the increase in blood glucose and insulin concentrations after sequential meals in type 2 diabetic patients ([Figs. 2*C*](#F2){ref-type="fig"} and [3*B*](#F3){ref-type="fig"}, respectively). As such, these findings confirm our hypothesis that simply performing ADL can improve postprandial blood glucose homeostasis. Considering the fact that postprandial hyperglycemia is a strong and independent risk factor for cardiovascular morbidity and mortality ([@B4]--[@B6]), our data indicate that even ADL can improve cardiovascular risk profiles in patients with type 2 diabetes. Hence, the beneficial impact of such light physical activity on postprandial glucose concentrations may, at least to some extent, explain the relationships observed between active and sedentary behavior and cardiovascular morbidity and mortality ([@B29]--[@B32]). The exact mechanisms by which light physical activity reduces postprandial blood glucose concentrations remain to be explored. Nonetheless, the concomitant reduction in postprandial insulin concentrations as observed in the current study ([Fig. 3](#F3){ref-type="fig"}) suggests an important role for noninsulin-dependent (i.e., contraction-induced) glucose disposal. It also could be speculated that delayed gastrointestinal transit or splanchnic hypoperfusion attributable to the physical activity might have contributed to the lowered postprandial glycemic and insulinemic responses ([@B33]). However, this effect is likely to be small considering the low intensity of the ADL intervention.

Despite its positive effects on postprandial glucose and insulin concentrations, the ADL intervention did not significantly reduce the prevalence of hyperglycemic blood glucose excursions over the entire 24-h period ([Fig. 2*A* and *B*](#F2){ref-type="fig"}). In contrast, a single 45-min bout of moderate-intensity endurance-type exercise was shown to reduce the daily prevalence of hyperglycemia by 34%, along with a reduction of 0.6 mmol/L in average 24-h blood glucose concentrations ([Fig. 2*A* and *B*](#F2){ref-type="fig"}). Given the tight relationship between average 24-h glucose concentrations and HbA~1c~ ([@B34]), the moderate-intensity endurance-type exercise intervention is more likely to affect long-term glycemic control (i.e., HbA~1c~) than the ADL intervention. Moreover, the reductions in postprandial glucose and insulin iAUC induced by moderate-intensity exercise (35 and 33%, respectively) were twofold greater than the decrements observed during the ADL condition (17% for both glucose and insulin iAUC). Thus, when matched for total activity duration, a single bout of moderate-intensity endurance-type exercise has a much greater impact on blood glucose homeostasis than repeated bouts of low-intense ADL.

We previously have speculated that the total volume of exercise (i.e., product of frequency, duration, and intensity) is of prime importance with respect to glycemic control ([@B15]). This theory also could explain the greater blood glucose--lowering effects observed in the endurance-type exercise condition as opposed to the ADL condition. The total energy expended during the 45 min of moderate-intensity endurance-type exercise (∼350 kcal) was approximately twofold higher compared with the 45 min (three 15-min bouts) of ADL (∼175 kcal). Interestingly, this difference in volume tends to be in agreement with the twofold greater decline in postprandial glucose and insulin iAUC observed during the exercise as opposed to the ADL condition. This observation suggests a dose--response relationship between the volume of aerobic physical activity and the subsequent improvements in blood glucose homeostasis. Such a graded dose--response relationship also has been observed recently between the volume of exercise training and improvements in insulin sensitivity ([@B35]). Moreover, for a fixed volume of exercise, high-intensity exercise was not found to be more effective than moderate-intensity in improving long-term glycemic control (i.e., HbA~1c~) ([@B36],[@B37]). Taken together, it is tempting to speculate that equal volumes of ADL and moderate-intensity exercise lead to similar improvements in glycemic control. Future studies therefore should evaluate the dose--response relationship between the volume of ADL and subsequent improvements in blood glucose homeostasis. This also would provide an answer to the question of whether an increase in ADL provides any surplus benefit for those type 2 diabetic patients who already perform substantial levels of physical activity during daily life.

In conclusion, implementation of moderate-intensity endurance-type exercise or repeated bouts of ADL markedly improve postprandial blood glucose handling in type 2 diabetic patients. When matched for total duration, a single bout of moderate-intensity endurance-type exercise has a greater impact on daily blood glucose homeostasis than repeated bouts of ADL. Nonetheless, the introduction of repeated ADL bouts during prolonged sedentary behavior forms a valuable strategy in the management of blood glucose homeostasis in type 2 diabetes, especially in those patients who are unable or reluctant to perform structured exercise.
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